Results
Formation of Dispersal L IV in B. xylophilus is Synchronized with Eclosion of its Vector Beetle B. xylophilus forms a very specific and intimate mutualistic relationship with its vector Monochamus beetle [6, 9] (Figure 1 ). We first determined which developmental stage of the vector beetle Monochamus alternatus Hope (Coleoptera: Cerambycidae) induces dispersal fourth larval stage (L IV ) formation in B. xylophilus in infected pine trees in China. We found that when the vector beetle is in the larval and early development pupal stages, very few L IV are formed in the xylem surrounding the pupal chamber of the beetle. However, when the beetle is in the late development pupal, emerging adult, or newly eclosed adult stages, a large percentage of L III molt to L IV , which confirms previous studies [7, 8] (Figure 2A ). This synchronization between the life cycle of the beetle and that of the nematode ensures that dispersal L IV nematodes are ready to move to the vector as it prepares to leave the dying tree to seek a new host tree.
Fatty Acid Ethyl Esters on the Surface of the Vector Beetle during Eclosion Promote Dispersal L IV Formation in B. xylophilus
The synchronization of the molting of the two organisms suggests that interspecific chemical communication plays an important role in controlling L IV formation in B. xylophilus [7] [8] [9] . To investigate this hypothesis, we generated ethanol extracts from the surfaces of beetles in different developmental stages. We found that only extracts from the late development pupal, emerging adult, and newly eclosed adult stages were capable of inducing L IV formation ( Figure 2B ).
We investigated which chemical compounds were specifically produced during the eclosion of the vector beetle and whether they could induce L IV formation in the nematode. Using gas chromatography-mass spectrometry (GC-MS), we analyzed and compared the chemical content of ethanol extracts of the beetle surfaces at time points corresponding to different developmental stages, including larva, early development pupa, late development pupa, emerging adult, newly eclosed adult, and fully sclerotized adult. The results indicated that developmental stage-dependent changes occur in several compounds ( Figure 2C ). Specifically, four C16 and C18 fatty acid ethyl esters (FAEEs), ethyl palmitate (EP), ethyl linoleate (EL), ethyl oleate (EO), and ethyl stearate (ES), are more abundant during adult emergence than during any other stage. In addition, we found that three of these FAEEs (EP, EO, and EL) are produced abundantly in the excrement of the beetle during eclosion. This result provides further evidence that the chemicals are secreted during the eclosion of the vector beetle ( Figure 2C ). In order to determine whether these compounds were responsible for L IV formation in the nematode, we treated L III larvae with each of these compounds at concentrations that are consistent with the concentrations that are produced by a single beetle. At these concentrations, EP, EL, EO, and ES promoted the formation of the L IV stage ( Figure 2D ). Thus, when the vector beetle enters into late development pupal stages, abundantly produced C16 and C18 FAEEs trigger the formation of L IV .
Specificity of the Vector Beetle and FAEEs on L IV Formation in B. xylophilus To further examine the specificity of fatty acid-like small molecules on L IV formation in B. xylophilus, we tested free fatty acids and fatty acid methyl esters (FAMEs) corresponding to the four C16 and C18 FAEEs, EP, EL, EO and ES ( Figure 3A ). These fatty acids and FAMEs had little or no activity in terms of L IV formation. We also tested several additional FAEEs of various carbon chain lengths, including C6, C8, and C14-C18 FAEEs at a concentration similar to the one at which EO was tested ( Figure 3A ). Whereas FAEEs with C14 and shorter chain lengths do not induce L IV formation, C15-C18 FAEEs, including ethyl myristate, ethyl pentadecanoate, ethyl-9-hexadecenoate, ethyl heptadecanate, and ethyl linolenate, induce L IV formation with a similar level of potency as EP, EL, EO, and ES. Thus, FAEEs with longer chain lengths specifically induce L IV formation. However, these other C15-C18 FAEEs are only found in the emerging adult extract at very low concentrations (w10 ng/beetle) ( Figure S1 available online). When tested at these low concentrations (w1 ng/cm 3 air space), these C15-C18 FAEEs did not induce L IV formation (data not shown).
Next, we investigated whether L IV formation in B. xylophilus is specifically induced by the vector M. alternatus or whether it is also induced by other beetle species. The bark beetle Dendroctonus valens and Tomicus piniperda were chosen for analysis because they are found on pine trees. The surfaces of newly eclosed adult D. valens and T. piniperda beetles were extracted with ethanol, alongside newly eclosed adult M. alternatus beetles. The ethanol extracts from the different beetle species were then tested in L IV formation assay. However, only the M. alternatus beetle extract was able to induce L IV formation ( Figure 3B ). We determined whether EP, EL, EO, and ES are present on the surfaces of D. valens and T. piniperda beetles during eclosion. Consistent with the inability of these beetle species to induce L IV formation in B. xylophilus, the beetle surfaces produced very little of these FAEEs ( Figure 3C ). Thus, the specificity of the interaction between B. xylophilus and its vector beetle M. alternatus may in part be due to the abundant secretion of FAEEs by M. alternatus, but not by other beetle species, during eclosion.
Role of the Insulin/IGF-1 Pathway and Dafachronic
Acid-DAF-12 Endocrine Pathway in L IV Formation in B. xylophilus Previous work has demonstrated that pharmacological inhibition of the insulin/IGF-1 pathway, using the PI3 kinase inhibitor LY294002, promotes dauer formation in many freeliving and animal-parasitic nematodes [12] [13] [14] [15] . We showed that LY294002 can induce the molting of L III to L IV in B. xylophilus. In addition, LY294002 can work together with a blend of the four C16 and C18 FAEEs to induce L IV formation [10] . B. xylophilus has two different dispersal and long-lived stages including the dispersal third larval stage (L III ) and the dispersal fourth larval stage (L IV ) [11] . The molting to L III is environmentally induced by deteriorating conditions in the pine tree, but molting to L IV is dependent on the presence of an emerging Monochamus adult beetle. Although L III typically molts to L IV , if L III are exposed to favorable conditions, they can resume reproductive development, molting into L 4 larvae and then adults.
( Figure 4A ). These data support the hypothesis that inhibition of insulin/IGF-1 signaling through PI3 kinase is necessary for the formation of the L IV stage in B. xylophilus in a manner similar to that observed in C. elegans and in parasitic nematode species. In C. elegans, dafachronic acids are endogenous ligands for the nuclear hormone receptor DAF-12. By binding to DAF-12, they suppress dauer formation and promote reproductive growth [16, 17] . It has been shown that dafachronic acids can also inhibit the formation of dauers in the free-living nematode P. pacificus and the formation of infective larvae in the mammalian parasite S. papillosus [18] . We found that D 7 -dafachronic acid was able to block L IV formation in the presence of a blend of the four C16 and C18 FAEEs ( Figure 4A ). In fact, in the presence of D 7 -dafachronic acid, most of the L III molted to propagative L 4 and adults (data not shown). In a similar fashion, D 7 -dafachronic acid was able to block L IV formation in the presence of LY294002. Thus, the FAEEs and LY294002 likely promote L IV formation by downregulating dafachronic acid production.
Transcriptional Modulation of the Insulin/IGF-1 and DAF-12 Pathways during L IV Formation Next, we determined the transcriptional effects of the FAEEs on genes in the insulin/IGF-1 pathway and the downstream DAF-12 pathway [19, 20] . In C. elegans, DAF-16, a forkhead box O (FOXO)-like transcription factor, serves as a major target of the insulin/IGF-1 signaling pathway [21] [22] [23] . In unfavorable conditions, DAF-16 is dephosphorylated, resulting in nuclear localization [24] . Nuclearly localized DAF-16 then activates the expression of dauer-related genes, such as sod-3, a superoxide dismutase gene that is involved in oxidative stress resistance during dauer arrest [25, 26] . We cloned and sequenced cDNAs for Bxy-daf-16 and Bxysod-3 (for sequence alignments see Figures S2A and S2B) in B. xylophilus. We also cloned and sequenced a cDNA for the nuclear hormone receptor Bxy-daf-12 from B. xylophilus (for the sequence alignment, see Figure S2C ). Using quantitative real-time PCR, we found that Bxy-daf-16, Bxy-sod-3, and Bxy-daf-12 were upregulated in B. xylophilus L III larvae treated with either the C16 and C18 FAEEs or LY294002 (Figures 4B-4D ). This transcriptional upregulation is consistent with the expression changes observed during dauer formation in C. elegans [25, 26] . Furthermore, D 7 -dafachronic acid blocked the transcriptional effects of the blend of C16 and C18 FAEEs (Figures 4B-4D ). This result suggests that the C16 and C18 FAEEs induce the upregulation of transcriptional targets of the insulin/IGF-1 pathway, possibly by suppressing production of dafachronic acids. Because the TGF-b signaling pathway is important in dauer development in C. elegans, we also monitored the expression of the TGF-b homolog, Bxy-daf-7, which was upregulated in L III larvae treated with either a blend of C16 and C18 FAEEs or LY294002 ( Figure S2D The assays were conducted as described in (B). Treatment conditions were w302 ng EP/cm 3 air space; w397 ng EL/cm 3 air space; w283 ng ES/cm 3 air space; w973 ng EO/cm 3 air space; a blend of EP, EO, EL and ES; or ethanol control. We estimate that the concentrations of extracts or compounds in the air of flasks are consistent with the concentration that the nematodes would experience in a beetle chamber containing a single beetle. Values are means of ten replicates 6 SE. Bars with different letters indicate a significant difference at p < 0.05 (one-way ANOVA). See also Figure S1 for detailed peak identification from (C).
Discussion
Our results show that in the pinewood nematode-vector beetle system, the vector beetle produces abundant C16 and C18 FAEEs during eclosion. These C16 and C18 FAEEs serve as chemical cues to promote L IV formation in B. xylophilus. This chemical signaling enables the synchronization of the molting behavior of B. xylophilus with that of its vector beetle. Various types of fatty acid esters are found in beetles and other insects. For example, FAMEs and short FAEEs on the cuticle of female Cyrtotrachelus buqueti Guerin-Meneville are used as a sex pheromone [31] . The Khapra beetle Trogoderma granarium produces FAEEs and FAMEs as aggregation pheromone [32] , and the honeybee Apis mellifera larvae produces FAEEs and FAMEs as brood pheromone [33] . However, in these latter two cases, the FAEEs and FAMEs were extracted from the ground-up insects rather than from the surface [34] . Honeybee adults produce EO as a primer pheromone, but the EO is found primarily in the crop [35] . Thus, although FAEEs are produced by a number of insect species, the FAEEs are not necessarily the long-chain FAEEs that we found on Monochamus spp., which specifically induce L IV formation in B. xylophilus. Furthermore, the FAEEs are not necessarily produced on the cuticle in these different insect species in abundant amounts. Clearly, we were able to show that at least two beetle species, D. valens and T. piniperda, do not produce abundant C16 and C18 FAEEs during emergence and are not able to induce L IV formation in B. xylophilus. Maehara et al. showed that the longicorn beetle, Psacothea hilaris, which attacks mulberry and fig trees, induces to a small degree the formation of L IV in B. xylophilus [36] . The authors hypothesized that this low level of L IV induction by a beetle species that did not coevolve with B. xylophilus indicates that the mechanism of this induction may involve very basic chemical components, and our results show that this hypothesis is indeed correct. Several factors may explain why the pinewood nematode is always vectored by Monochamus beetles. Perhaps most importantly, only Monochamus spp. are present at the right time (as conditions deteriorate inside the pine tree) and the right place (in the center of the xylem where the L III larvae are found), such that the L III larvae can respond to the abundant FAEEs produced by the beetle and develop into L IV larvae. Specific ratios of volatile terpenes produced by Monochamus spp. have been shown to facilitate transmission by inducing the aggregation of the L III larvae around the beetle's pupal chamber [37] . Then, as our data have shown, Monochamus spp. secrete long-chain FAEEs in large amounts on their body surface during eclosion in order to specifically induce L IV formation in B. xylophilus. There may also be additional unidentified cues which encourage the nematodes, for example, to enter the tracheal system of the beetle, further facilitating transmission.
The high-quality draft genome sequence of B. xylophilus presents an opportunity to investigate the biological basis of its unique life cycle switch from a propagative pathway to a dispersal pathway [38, 39] . Pharmacological assays using the PI3 kinase inhibitor LY294002 and the DAF-12 Figure 1B . The compounds were tested at a concentration similar to the concentration at which EO had been tested in other experiments (6087 mg/flask). The concentration of the compounds in the air spaces was as follows: w600 ng palmitic acid/ cm 3 [18, 20, 40] . Transcriptional changes in the insulin/IGF-1 and DAF-12 pathways are correlated with dauer entry in both C. elegans and the pinewood nematode, which indicates the conservation of the transcriptional response to diapause among nematodes. The pinewood nematode is considered to have evolved from a free-living ancestor [41, 42] and may have adapted the insulin/IGF-1 and DAF-12 pathways from this ancestor for use in the infective portion of its life cycle.
In conclusion, we have identified key chemical signals and molecular signaling pathways that control L IV formation of B. xylophilus. C16 and C18 FAEEs, which are abundantly produced on the vector beetle surface specifically during adult emergence, promote L IV formation in B. xylophilus, possibly by modulating the conserved insulin/IGF-1 and DAF-12 signaling pathways. These results show that there is a certain degree of conservation in the protein signaling pathways that control dauer formation during nematode evolution. The interaction of B. xylophilus and Monochamus spp. could be a new model for studying the relationship of mutualism and developmental synchronization. Furthermore, our work suggests a novel strategy by which the chemical signals that control the life cycle of the pinewood nematode could be used to disrupt its life cycle and possibly control the damage due to both the beetle and nematode in the field.
Accession Numbers
The GenBank accession numbers for Bxy-daf-16, Bxy-sod-3, Bxy-daf-12, and Bxy-daf-7 reported in this paper are GU584877, JX402922, GU584879, and JX855254, respectively. Accession numbers for Bxy-sod-3 and Bxy-daf-7 were first reported in this paper. Other accession numbers were retrieved from the GenBank. 
